During protein biosynthesis, nascent protein chains are directed along a long narrow tunnel that spans the large ribosomal subunit. It has recently become clear that this structural feature has evolved to effect regulatory control over aspects of protein synthesis and protein trafficking. Since this control is nascent chainspecific, ribosomal components that form the tunnel must be involved in recognizing selected nascent proteins as they pass by. The present study focuses on one such situation in which nascent secretory proteins and membrane proteins are distinguished by the ribosome-induced folding of the latter's hydrophobic transmembrane sequence far inside the ribosomal tunnel and close to the peptidyltransferase centre.
Functional ramifications of FRET-detected nascent chain folding far inside the membrane-bound ribosome
The nascent chain tunnel Not long after ribosomes had been identified and shown to be responsible for protein synthesis in the cell, protease protection experiments demonstrated that an unexpectedly high number of amino acids in the nascent protein chain were protected from proteolysis by the ribosome [1, 2] . This result suggested that the newly synthesized nascent chains were not immediately released into the cytoplasm. Immunoelectron microscopy data later indicated that the nascent chain was first visible outside the ribosome on the 'back side' of the large ribosomal subunit at a location far from the presumed location of the PTC (peptidyltransferase centre) of the ribosome [3, 4] . Low-resolution data from crystalline sheets of eukaryotic [5] and prokaryotic [6] ribosomes led to the suggestion that the ribosome contained a long tunnel in its large subunit, and that the nascent polypeptide chain passed through this tunnel during protein synthesis. This proposal was controversial, partly because some electron microscopy studies suggested that the nascent chain exited the ribosome either at the subunit interface [7] or behind the PTC into a protease-inaccessible cleft that then transported the nascent chain along the ribosomal surface [8] to the site identified by Bernabeu et al. [3, 4] .
A new and unanticipated perspective was provided by examining a ribosomal species that was usually ignored by those studying protein biosynthesis: membrane-bound ribosomes. Mammalian ribosomes synthesizing either secretory or membrane proteins are targeted via nascent chain signal se-quences and the signal-recognition particle to sites on the membrane of the ER (endoplasmic reticulum), termed translocons [9, 10] . After a ribosome binds to a translocon, translation continues and the nascent secretory or membrane protein is co-translationally translocated across or integrated into the ER membrane. Using fluorescent-labelled nascent secretory proteins, we were able to show that the entire nascent chain in a membrane-bound ribosome was in an aqueous environment and completely protected from exposure to iodide ions in the cytosol [11, 12] . Thus, instead of moving into the cytosol through the ribosomal subunit interface or along a cytosol-exposed cleft on the ribosomal surface, the nascent secretory protein passed through an aqueous pathway that was not contiguous with the cytosol and was consistent with a tunnel through the interior of the ribosome. The existence of a nascent chain tunnel was finally confirmed by high-resolution crystal structures of large ribosomal subunits from an archeaon [13] and a eubacterium [14] that showed a long (∼100 Å ; 1 Å = 0.1 nm) tunnel spanning the subunit.
Although the existence of the ribosomal nascent chain tunnel is now not in question, its functional significance is less clear. Why did the ribosome evolve so as to create a long confined pathway through which the nascent chain would pass? What advantage was gained by directing the nascent protein through the interior of the large subunit instead of through the already existing opening at the interface between the large and small ribosomal subunits? One obvious explanation is that separating the site of nascent chain exit and folding from the sites of tRNA, mRNA and elongation factor entry and exit would avoid nascent chain interference with translation. However, another reason is that a tunnel provides a protected environment in which the ribosome can assess the nature of the nascent chain being produced. The results of that assessment can then elicit structural and functional changes that influence the rate of protein synthesis or the processing of the nascent chain. The nascent chain tunnel may therefore function in a regulatory mode, controlling aspects of both translation [15, 16] and protein trafficking [17, 18] .
Nascent protein chain recognition inside membrane-bound ribosomes
In 1997, while investigating the mechanism by which a membrane protein is co-translationally integrated into the ER membrane [9, 19, 20] , Liao et al. [17] discovered that the ribosome was capable of distinguishing between nascent secretory proteins and nascent membrane proteins. Earlier work [12] had shown that a nascent secretory protein passed through the translocon via a gated aqueous pore and that the permeability barrier of the ER membrane was maintained during cotranslational protein translocation by the high-affinity binding of the ribosome to the translocon to form an ion-tight seal. The primary issue addressed by Liao et al. [17] was, therefore, the mechanism by which the cytosolic domain of a nascent membrane protein could be released into the cytosol co-translationally if the ribosome was required to bind tightly to the translocon. By determining the accessibility of fluorescentlabelled nascent chains in translocation or integration intermediates to the cytosol or the ER lumen, membrane integrity was found to be preserved by a sequential mechanism that first closed the luminal end of the translocon pore to seal both ends of the translocon and then opened the ribosometranslocon junction to allow the cytoplasmic domain of the nascent membrane protein to move into the cytosol (Figure 1) . The ion-tight seal on the luminal side of the membrane is effected by the action of BiP (immunoglobulin heavy-chain binding protein), either directly (as depicted in Figure 1 ) or indirectly, during membrane protein integration [21] , as well as when a translocon is not bound to a ribosome [22] .
In sharp contrast with the complex sequence of events shown in Figure 1 , the ribosome-translocon seal was maintained throughout the translocation of a nascent secretory protein across the ER membrane (see Figure 1A ) [12] . Thus the ribosome-translocon complex was capable of distinguishing between a nascent secretory protein and a nascent membrane protein. Since the hydrophobic TMS (transmembrane sequence) is the only structural feature that is present in every membrane protein and absent from every secretory protein, Liao et al. [17] focused on the TMS. They were surprised to find that the substantial structural changes at the ER membrane depicted in Figure 1 were initiated while the TMS was still far inside the ribosome, very close to the PTC [17] . This totally unexpected discovery meant that the ribosome, not the translocon, was responsible for recognizing that the nascent chain contained a TMS and was a membrane protein. Ribosomal components exposed to the nascent chain in the tunnel therefore have the ability to discriminate between nascent secretory proteins and membrane proteins and thereby affect protein trafficking at the ER membrane in advance of TMS arrival at the translocon. The permeability barrier of the ER membrane is maintained by a specific sequence of ribosome, translocon and BiP interactions during cotranslational integration of an N lum -C cyt signal-cleaved, single-spanning membrane protein [17] . (A) The ribosome forms an ion-tight seal with the translocon to close the cytosolic end of the pore until just after the TMS (rectangle) has been synthesized. (B) When four amino acids have been added to the C-terminal end of the nascent chain TMS, the luminal end of the pore is closed by the direct (shown here) or indirect action of BiP [21] . (C) When the C-terminal end of the TMS is nine residues from the PTC, the ribosome-translocon junction opens to allow the cytosolic domain of the membrane protein to move into the cytosol. (D) After translation terminates and the ribosome is released from the translocon, the pore remains closed by the action of BiP [22] .
Therefore sites in the nascent chain tunnel regulate ribosometranslocon-BiP interactions in a 'forward' direction.
Nascent chain recognition by ribosomes in the cytosol
In some cases, the rate and/or extent of translation is sensitive to the sequence of the protein being synthesized by a free ribosome [15, 16] . For example, a specific sequence in nascent SecM is recognized and bound by ribosomal protein L22 and/or 23S rRNA at a constriction in the tunnel, thereby stalling translation. This interaction of nascent SecM with ribosomal components exposed on the surface of the nascent chain tunnel then stimulated the translation of the downstream SecA coding sequence in the mRNA [23] . Similarly, TnaC nascent chain interactions within the exit tunnel stalled translation and thereby regulated the transcription of the tryptophanase operon [24] . Thus nascent chain binding to the ribosomal tunnel alters translation. However, the molecular linkages that extend 'backward' from the tunnel to the PTC and the ribosomal A and P sites to regulate translation have not yet been identified, nor has (have) the step(s) in translation that is (are) affected been identified. Although the mechanism of nascent chain control of translation is still unknown, its existence further demonstrates the functional importance of nascent chain-ribosome interactions inside the tunnel.
Distinguishing between nascent membrane proteins and secretory proteins
How does the ribosome detect the presence of a TMS in a nascent chain? In view of the very large number of different TMSs, it seems unlikely that the ribosome would distinguish nascent chains on the basis of their primary sequence. Instead, Liao et al. [17] hypothesized that a TMS would be recognized when a weakly non-polar surface or patch in the nascent chain tunnel nucleated the folding of a hydrophobic TMS in the nascent chain into an α-helix inside the tunnel. This hypothesis was later discounted since the high-resolution crystal structure of the large ribosomal subunit showed no hydrophobic surfaces inside the tunnel, as well as a constriction that appeared to be too small to permit the passage of an α-helix [25] . However, we decided to determine experimentally whether or not the nascent chain TMS folded inside the ribosome.
The experimental approach usually used to monitor α-helix formation or content is CD, but CD cannot be used to detect nascent chain folding in this system since the nascent chain comprises less than 0.1% of the total protein in an ER microsome sample. Thus we chose to assess nascent chain conformation by measuring the separation between fluorescent probes incorporated into the protein at two specific sites using FRET (fluorescence resonance energy transfer). These sites will be maximally separated (3.5 Å per amino acid) in a fully extended nascent chain and will be much closer together (1.5 Å per amino acid) if the two residues are separated by a polypeptide that has folded into an α-helix (Figure 2) .
FRET can be used only if one can selectively label and monitor the nascent chain, which is an exceedingly non-trivial matter since the nascent chains are such a small fraction of the protein in a sample. It turns out that the only way to position probes selectively in the nascent chain in the presence of all the other proteins is to incorporate the probes into the nascent chain as it is being made by the ribosome. This requires an experimental approach that we originated [26] : the use of functional modified aminoacyl-tRNAs that insert, into the nascent chain, a non-natural amino acid with a fluorescent dye covalently attached to its amino acid side chain.
FRET-detected protein folding
FRET involves the non-radiative transfer of excitation energy from an excited fluorescent dye (the donor or D) to another chromophore (the acceptor or A) in close proximity. This transfer of energy results in a decrease in donor emission intensity and, if A is also a fluorescent dye, the appearance of acceptor emission. D and A were positioned on opposite sides of a TMS in a single nascent chain by using an mRNA that contains only a single lysine codon and a single amber stop codon and then translating this mRNA in the presence of a D-labelled Lys-tRNA Lys analogue and an A-labelled LystRNA amb amber suppressor analogue [18] . By using truncated mRNAs of different lengths, membrane-bound RNCs (ribosome-nascent chain complexes) were prepared with either secretory (non-TMS-containing) or membrane (TMS-containing) nascent proteins of various lengths. Strikingly, the FRET efficiency was close to 50% for each length of nascent membrane protein, whereas that for nascent secretory proteins was 10-15% when the dyes were inside the ribosome [18] . Thus, even though D and A were covalently attached to amino acids that were 24 residues apart in both the TMS-and non-TMS-containing nascent chains, there was a significant difference in their separations in the two cases and, hence, in the conformations of the polypeptides between the two dyes. The low FRET efficiency observed with a nascent secretory protein indicates that a nascent chain that lacks a TMS is fully extended inside the ribosome, a result consistent with previous results [27] . In contrast, the high FRET efficiency for the nascent membrane protein indicates that the TMS segment located between the D and A dyes (Figure 2 ) has folded into a more compact structure. Since nearly the same FRET efficiency was observed when the nascent membrane protein was completely translated and inserted into the ER membrane where its TMS folds into an α-helix, it appears that the TMS folds into an α-helix (or nearly so) far inside the ribosomal tunnel [18] .
When RNCs containing long nascent membrane proteins that positioned the TMS and both dyes outside the ribosome were examined in the absence of ER microsomes, the FRET efficiency was close to 10% [18] . This result demonstrated that the folding of the TMS inside the tunnel was induced and stabilized by the ribosome. Since the ribosome had no such effect on a nascent protein lacking a TMS, the ribosome must play an active role in scanning the nascent chain for a TMS and nucleating its folding into an α-helix. This ribosomeinduced folding of a TMS most probably involves a nonpolar interaction, as hypothesized earlier [17] , even if no non-polar tunnel surface was seen in the crystal structure of a non-functioning large subunit [25] . Experimental support for this possibility is provided by crystallography data showing that the binding of an antibiotic in the tunnel involves a conformational change that exposes non-polar residues in a loop of the ribosomal protein L22 (see below) [28] .
Which tunnel components differentiate between nascent chains?
Since the ribosome can distinguish between nascent chains with a TMS and those without a TMS, a direct method for identifying which ribosomal components are involved in this differential recognition is to determine which ribosomal proteins can be photocross-linked to the nascent chain as it passes through the tunnel. When a photoreactive probe was incorporated into nascent secretory proteins of different lengths, only one ribosomal protein with an apparent mass close to 40 kDa was photocross-linked [18] . In contrast, when a photoreactive probe was positioned in a nascent chain TMS, three ribosomal proteins with apparent molecular masses close to 40, 18 and 7 kDa were photocross-linked in that order [18] . These ribosomal proteins appear to be L4 (40 kDa), L17 (18 kDa) and L39 (7 kDa) in eukaryotes [13] . The photocross-linking data, therefore, indicate that L17 and L39 are selectively proximal to, and probably interact with, the TMS in a nascent chain. Moreover, these interactions are sequential and coincide with major structural rearrangements at the ER membrane involving the ribosome, translocon and BiP [17] .
When the RNC forms a tight seal with the cytoplasmic end of the translocon ( Figure 1A) , the nascent membrane protein photocross-links only to L4 [18] . When the nascent chain is lengthened sufficiently to cause BiP-mediated closure of the luminal end of the pore ( Figure 1B) [17, 21] , the TMS photocross-links to both L4 and L17 [18] . When the nascent chain is long enough that the ribosome-translocon seal is broken ( Figure 1C ) [17, 21] , the TMS also photocross-links to L39 [18] . Therefore it appears that BiP-mediated closure of the translocon pore is elicited when the nascent chain TMS contacts L17 and that the ribosome-translocon junction is broken when the TMS contacts L39.
The significance of these observations becomes apparent when the structures of L17 and L39 are considered. The bulk of L17 (L22 in Halobacterium marismortui) is located on the surface of the ribosome near the opening of the nascent chain tunnel, but a loop of the protein extends far into the subunit and is exposed on the surface of the tunnel (Figure 3 ) [25] . Hence, a TMS that contacts the tip of the L17 loop in the tunnel could trigger a conformational change in L17 that extends to the subunit surface and, subsequently, effects a conformational change in a translocon or transloconassociated membrane protein(s) that is transmitted across the membrane; this in turn could elicit the binding of BiP to the luminal side of the membrane and pore closure (Figure 3) . Similarly, when the TMS contacts L39 inside the tunnel, it Figure 3 Probable mechanism for the communication of ribosome recognition of nascent membrane protein to the luminal side of ER membrane As discussed in the text, only the folded TMS of a nascent membrane protein photocross-links to, and probably is recognized by, ribosomal proteins L17 and L39. Interaction of the folded non-polar TMS with the tip of L17 most probably elicits a conformational change that extends through L17 to the subunit surface and, in turn, causes a conformational change in a translocon or translocon-associated membrane protein that leads to the binding of BiP to the luminal side of the membrane and the closure of the pore. As the nascent chain lengthens, the TMS reaches L39 and their interaction probably causes the opening of the ribosometranslocon seal. Ribosomal proteins are located as described by Ban et al. [13] .
appears that a conformational change is elicited that causes the ribosome-translocon junction to be opened. Consistent with these TMS-dependent structural changes, a nascent secretory protein only contacts L4 during its passage through the tunnel [18] , and the ribosome-translocon seal is maintained throughout [12] . Although this putative mechanism for nascent chain control of ribosome, translocon and BiP interactions remains to be demonstrated experimentally, the complete agreement of independent TMS-dependent FRET, fluorescence quenching and photocross-linking data seems to be too striking to be coincidental. Instead, the clear demonstration of ribosome-induced folding of a TMS in a nascent chain and the strong correlation of this nascent chain folding with major structural changes on both sides of the ER membrane [18] reveal that the recognition of a nascent chain sequence by ribosomal components on the tunnel surface regulates certain aspects of protein trafficking.
Future experiments
Among the many interesting questions that are yet to be addressed experimentally are the following. Does each TMS in a membrane protein with multiple TMSs fold into a compact helix-like conformation or does only the first TMS fold inside the ribosome? Alternatively, do only the TMSs oriented N lumen -C cyto fold in the tunnel? This last issue arises because the next TMS that enters the tunnel from the PTC in an intermediate such as that shown in Figure 1 (C) would probably elicit the closing of the cytosolic end of the translocon and the opening of its luminal end. Do amphipathic helices, such as those found in channel-forming membrane proteins, fold inside the ribosome? How many non-polar residues are required to trigger nascent chain folding? How does BiP effect translocon pore closure?
Since the novel FRET technique described by Woolhead et al. [18] can monitor nascent chain folding, there are also numerous other protein folding questions that can be addressed at present. For example, this approach would enable one to assess directly the dependence of nascent or full-length protein folding on specific chaperones or cofactors, as well as the extent of misfolding required for a quality-control system to identify a polypeptide as a substrate for degradation.
